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means that the fluid velocity equals that of the substrate. On the upper, bounding surface we apply the free-slip condition, which means that the fluid can flow freely parallel to this surface, while it cannot penetrate this surface. In order to satisfy the free-slip condition on the top and the no-slip condition on the bottom (substrate; wall plus sphere), we employ the halfway, bounce-back method, 4 which approximates the shape of the sphere as a 3D staircase, which is illustrated in Fig. 1b in the main text.
On the remaining four bounding surfaces, which are normal to the horizontal directions, we impose periodic boundary conditions. Physically, this condition corresponds to a periodic arrangement of spheres on a horizontal square lattice with a spacing L. Since we are interested in the limit where the spheres do not couple hydrodynamically, we ensure, and validate in Section S4, that L is sufficiently large compared to the sphere radius a as well as to the viscous penetration depth δ.
The LB method was implemented in FORTRAN and parallelized using the Message Passing Interface protocol.
Supporting Section S3: Determining the QCM-D Force from the Simulation
During simulation, we monitor the real valued hydrodynamic force F H (t) on the substrate using two methods. The first method involves surface integrating the momentum exchange between the fluid and the substrate, by evaluating changes in the LB probability during bounce-back. 5 The second method is based on the integral fluid momentum balance, which is obtained by taking the volume integral of Eq. (3) in the main text: 
Here L is the horizontal domain size (inter-particle spacing), is the absolute value of the quartz surface velocity amplitude, ρ F is the fluid mass density, ω = 2πf is the quartz angular frequency, m P = (4π/3)ρ P a 3 is the particle mass and ρ P is the particle mass density,
Eq.
(1) in the main text] is computed by Fourier transformation of ΔF(t) between T < t < 2T,
where T = 1/f is the oscillation period. The real and imaginary parts of Δ / correspond to the QCM-D frequency and bandwidth shifts; see Eq.
(1) in the main text.
Supporting Section S4: Accuracy of the Numerical Simulation
The accuracy of the simulation depends on the grid resolution a/Δx and on the relative domain size L/a or L/δ. The grid resolution must be sufficient, such that the surface of the sphere is accurately represented by the staircase approximation (see Fig. 1b in the main text), and the domain size L must be large enough compared to the sphere radius a, and compared to the viscous penetration depth δ, such that there is negligible hydrodynamic coupling between the sphere and its periodic images and negligible effect of the unphysical free-slip condition at the upper surface.
In this work, we use a/Δx = 10 -20 and L/a = 8 -32 (see Table S1 ) and we verify here that these values guarantee sufficient numerical accuracy. Since there is no analytical or reference solution available for the hydrodynamics of a sphere on an oscillating wall, we first study the accuracy of the method by considering two alternative flow configurations, for S5 which analytical solutions are available. These configurations are that of the steady shear flow past a sphere attached to a wall and that of an oscillating sphere in a stagnant fluid in the absence of walls. These problems contain essentially the same physics and numerical challenges as the actual problem of a sphere attached to an oscillating wall.
The steady shear test problem is simulated by placing a sphere on the bottom wall of the cubical, computational domain and placing a second, no-slip wall at the top of the domain, which is moving with a velocity γL in the x direction. Here γ is the shear rate and L is the domain height. Periodic conditions are applied on the remaining four boundaries. At the start of the simulation, the fluid velocity profile is assumed to be linear, i.e., u x (t = 0) = γz, which corresponds to the profile between two moving walls in the absence of the sphere. During the flow simulation, we measure the hydrodynamic force ΔF H on the sphere as a function of time, which is shown in Fig. S2a . As can be seen in that figure and also in Table S2 , the scaled force ΔF H /(6πa 2 η F γ) converges to an asymptotic value, which is within 3% of the theoretical value of 1.7. 6 Next, we discuss the test case of an oscillating sphere in a stagnant fluid in the absence of walls. Here, we place a sphere in the center of the computational domain, which is periodic on all six boundaries. Similar to the case of the flow around the sphere on the oscillating wall, we solve this problem in a reference frame that oscillates with the sphere by adding an . Table S3 shows, that, for the present numerical parameters, the real and imaginary parts of the simulated, complex force amplitude are within 10 % and 2 % of the analytical solution, respectively. 7
In addition to these analytical test cases, we consider the grid-convergence of the simulation of the sphere on the oscillating wall, by comparing the simulation outcome to a second series of simulations, in which we doubled the grid resolution in each direction. As reported in Table S1 , we find that for δ/a < 4, the numerical solutions on both grids are within 1% of each other for the frequency shift and within 10% of each other for the bandwidth shift. The bandwidth shift is more prone to numerical inaccuracy than the frequency shift because the bandwidth shift is a few-fold smaller than the frequency shift. These results support that for δ/a < 4, the domain is sufficiently large and the grid is sufficiently fine, such that the numerical solution is, to a reasonable extent, independent of these numerical parameters.
Supporting Section S5: Diffusion Limited Adsorption Model
Here we derive a model for the number N of adsorbed vesicles onto the QCM-D surface:
mm is the diameter of the cylindrical QCM-D measurement chamber and J = cD/h is the particle flux onto the surface, which is assumed to be limited by diffusion. 8, 9 The particle number density in the bulk c = c m N A a L 2 /(8M L a 2 ) = 6 × 10 17 m -3 is estimated by dividing the number of lipid molecules per unit volume of solution by the number of lipid molecules in the bilayer of a single vesicle, where it is assumed that each lipid occupies an area in the membrane πa L 2 , that is equal to that in a planar bilayer. The particle diffusivity D = k B T/(6πη F a) is modeled using the Stokes-Einstein relation, and the particle-concentration-S7 boundary-layer-thickness h = (DWH/V) 1/3 is modeled using flat plate boundary layer theory. 10 Here N A is Avogadro's number, a L = 0.45 nm is the cross-sectional radius of one lipid molecule, 11 M L = 786 g/mol is the molecular weight of DOPC lipid, k B T is the Boltzmann energy, V = Q/WH is the fluid velocity, Q = 50 µL/min is the volumetric flow rate through the QCM-D chamber, and H =0.6 mm is the height of the cylindrical QCM-D measurement chamber, respectively. Combining the above equations shows that N increases linearly in time: 
Supporting Section S6: Experimental Materials & Methods

Vesicle Preparation
Small unilamellar vesicles (SUVs) were prepared from 5 mg/mL 1,2-dioleoyl-sn-glycero-3- 
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The corresponding size distributions are provided in Fig. S4 . All solutions were prepared using Milli-Q-treated water with a minimum resistivity of 18.2 MΩ·cm (Millipore, Billerica, MA, USA). Immediately before the QCM-D experiment, the vesicles were diluted to c m = 0.05 mg/mL for SUV2 and c m = 0.005 mg/mL for SUV1, SUV3 and SUV4 and in a 10 mM Tris buffer, with a NaCl concentration of either 75 or 250 mM. Table S1. Numerical parameters and results of the simulations of a sphere attached to an oscillating wall. a is the particle radius, Δx is the grid spacing, L is the horizontal domain size, L z is the vertical domain size, δ = (ν F /πf) 1/2 is the viscous penetration depth, ν F = Δx 2 /(6Δt) is the fluid kinematic viscosity, ρ F is the fluid mass density, f is the oscillation frequency, ω = 2πf is the oscillation angular frequency, is the complex-valued velocity amplitude and ∆ is the complex-valued QCM-D force amplitude [defined in Eq. (1) in the main text], where the real part ℜ(∆ / ) corresponds to the frequency shift and the imaginary part ℑ(∆ / ) corresponds to the bandwidth shift. Simulations are carried out for δ/a between 0.6 and 4.6. The computed relation between ∆ and δ/a is given in Fig. 3 in the main text. The numerical accuracy of the simulations for δ/a < 3 is verified by comparing results on a relatively coarse grid (open circles in Fig. S3 ) to results on a relatively fine grid (plusses in Fig. S3 ), where the number of grid points has been doubled in each direction. Table S3 . Validation of the numerical method for an oscillating sphere in the absence of walls. a is the particle radius, Δx is the grid spacing, L is the domain size (same in all three directions) and ! is the complex-valued, simulated, hydrodynamic force amplitude, where the real part ℜ( ! /i ) is in phase with the displacement oscillation and the imaginary part ℑ( ! /i ) is opposite to the velocity oscillation, is the velocity amplitude and η F is the fluid dynamic viscosity. For this test case, we used a/δ = 0.22, where δ = (ν F /πf) 1/2 is the viscous penetration depth, ν F = η F /ρ F is the fluid kinematic viscosity, ρ F is the fluid mass density and f is the oscillation frequency. The %Error corresponds to the difference between the simulated value and the analytical solution. 7 ) due to the adsorption of a sphere on the QCM-D surface, as a function of scaled time ft for various scaled viscous penetration depths δ/a. ρ F is the fluid mass density, a is the sphere radius, is the absolute value of the quartz velocity amplitude, δ = (ν F /πf) 1/2 is the viscous penetration depth, ν F is the fluid kinematic viscosity, f is the oscillation frequency and ω = 2πf is the oscillation angular frequency. Table S2 . The solid and the dashed lines correspond to a grid resolution of a/Δx = 5 and 10, respectively, where Δx is the lattice spacing. The dotted line corresponds to the analytical solution. 6 (b) Oscillating sphere in the absence of walls. The scaled hydrodynamic force ! /(6 ! ) on the sphere, as a function of the (scaled) time ft for a grid resolution (number of grid points per sphere radius) of a/Δx = 5 and a scaled particle size of a/δ = 0.22. Here δ = (ν F /πf) 1/2 is the viscous penetration depth and f is the oscillation frequency. Further numerical parameters are given in Table S3 . The hydrodynamic force is computed by summing the hydrodynamic stress over the surface elements of the sphere [solid line; Method 1] 4 (1) in the main text], ρ F is the fluid mass density, ω is the angular frequency, is the complex-valued velocity amplitude of the quartz, a is the particle radius and δ is the viscous penetration depth. Comparison between results on relatively coarse grid (open circles) and a relatively fine grid (plusses). Parameters are given in Table  S1 . Vesicles are produced by mixing lipids with an aqueous buffer solution with 150 mM ionic strength and extruding the mixture through a membrane with a nominal pore size of 30, 50 or 100 nm, referred to SUV1, SUV2 and SUV3, respectively. DLS data of SUV2 show no significant difference when dissolved in different ionic strengths.
QCM-D Experiments
Supporting Movie S1. Fluid velocity vector field in xz-plane intersecting a sphere that is attached to an oscillating wall. The sphere radius a equals eight lattice spacings and the scaled penetration depth equals δ/a = 1.3. For clarity, only part of the computational domain is shown. The animation shows that, with each cycle, a vortex is formed and released from the top of the sphere. 
